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Significant lateral loads on the propeller can be produced under oblique flow conditions, 
which is critical to the integrity and safety of a ship's stern tube bearing. This paper 
investigates the effect of oblique flow on lateral loads of a propeller in open water 
condition based on CFD method. Firstly, the paper provides the theoretical basis for 
appear the lateral loads of a propeller when working in oblique flow. Then, PPTC 
propeller was employed as case study. The open water condition is simulated for 
different inclining angle range of 0 to 120. The numerical obtained results indicated that, 
the lateral loads increase with the oblique flow increasing, and the hydrodynamic forces 
acted on each propeller blades will be changed over time depending on the relative 
position of propeller blade as well as the attack angle to the propeller blade. Finally, the 
paper provides details of flow characteristics around the propeller at different oblique 
flow angles to explain the change in lateral loads of a propeller when changing the 
inclining angle. 
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1. Introduction 
 

Traditionally, marine propellers are designed in the straight flow condition. However, in some 
cases, the propeller actually operates in the different flow conditions from the design condition such 
as: propeller installed in the high speed craft with the oblique shaft axis, propeller operating with 
trim angle, and etc... In those cases, the propellers are definably experienced in the oblique flow 
condition. Consequently, this oblique flow has not only a significant impact on the propeller efficiency 
but also inducing a lateral force of the propeller [1-5]. Therefore, it is essentially to conduct a research 
of determining the lateral force of a propeller due to its presence will directly affect on accurately 
evaluating the propeller noise, vibration, efficiency, and etc. [6,7]. 

Currently, thanks to significant advancements in computational resources and numerical 
methods, the computational fluid dynamics (CFD) method is widely employed to solve the ship 
hydrodynamics issues in general and propeller performance in particular due to this method shows 
a huge advantage and has gained popularity in comparison with other method due to it can provide 
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a more physics-based modeling, detail presentation of flow fields, which is very important to study 
the effect of inclining angle to propeller performance [1-5,8-19]. Currently, there are some studies of 
lateral force induced by propeller in the oblique flow condition conducted by researchers all over the 
world. The study of Zhang et al., [16] employing CFD in determining this force in the open water and 
behind the hull of the ship condition. The results indicated that, the lateral force increases by the 
increase of oblique angle of the flow in a slightly non-linear trend. Nouroozi and Zeraatgar [1] has 
evaluated the influence of the oblique flow on the propeller efficiency and the lateral force at the 
various of oblique angle of flows by CFD methods. The propeller P 4119 was employed as a propeller 
research model. The authors have conducted a comparison between the research result and those 
obtained from the straight flow simulations. Guo et al., [2] investigated the hydrodynamic 
characteristics of a propeller operating in oblique inflow by CFD method. The two propellers with 
different geometries were employed as the study subjects. The obtained results presented the 
hydrodynamic mechanism of the propeller operating in oblique inflow. Dubbioso et al., [3] used CFD 
method to analysis of the performances of a propeller operating in oblique flow. The obtained results 
provided average and instantaneous loads for both the complete propeller and for a single blade 
when propeller working in a wide range of incidence angles. Dubbioso et al., [5] conducted analysis 
effect of oblique flow on marine propeller performance at very high incidence angles by CFD method. 

Being inspired of the above problem and base on the heritance of all the previous research 
results, this paper will present the methodology for appearing the lateral loads of a propeller working 
in oblique flow and implement the simulation calculation of lateral force induced by propeller 
working in various oblique flow conditions by CFD method. The discrepancy of flow around the 
propeller at the various oblique flow angles will be presented and analyzed to provide an intuitively 
explanation of the nature inducing the change of propeller performance. The propeller Potsdam 
Propeller Test Case (PPTC) at model-scale was selected to be a researched object. 
 
2. Methodology 
 

Figure 1 demonstrated the analyzing diagram of flow toward the propeller in the oblique flow 

condition. At the propeller position angle  = 00 (blade number 3), the propeller only has the 

horizontal flow component. As increasing of position angle in counterclockwise direction to 1, the 
flow reach to the propeller blade is divided into two components including an axial velocity Vx and a 
circumferential velocity Vt, which are defined in the Eq. (1) and Eq. (2), respectively. When the 

circumferential position angle continues to increase to 2 the magnitude of circular velocity 
component reduces. Consequently, the lateral force is generated due to the non-uniform distribution 
of loading on the propeller blades. 
 

cosxV U =               (1) 

 

sin sintV r U  = −             (2) 

 
where: 
U – is the velocity of the oblique inflow; 
ω – is the rotation angular velocity of the propeller; 
β – oblique inflow angle (angle between the inflow direction and propeller shaft axis); 

 - is the circumferential position angle of propeller blade. 
 

When the propeller rotates, the oblique flow angle β is constant, the axial velocity component 
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along propeller shaft Vx and the infinity flow velocity U are constant, and however, the 
circumferential flow velocity will change with a period of 360 degrees of propeller rotation. In which, 
the attack angle of flow to the propeller profile will definitely change as the propeller rotates, and it 
can be estimated by Eq. (3). 
 

arctan x

t

V

V


 
=  −  

 
             (3) 

 

where:  is the pitch angle of a propeller blade. 
 

 
 

(a) Definition of the blade angle and diagram of the transversal flow 

  
(b) Velocity polygon of Blade 1 (c) Velocity polygon of Blade 3 section 

Fig. 1. Hydrodynamic analysis of blade section in oblique flow condition 

 
It can be seen from Eq. (3) that at a higher axial velocity of flow, the higher attack angle values, 

the thrust increases. 
Thus, according to the theoretical basis mentioned above, when the propeller operated in the 

oblique flow is including six load components on the propeller: 03 force and 03 moment components 
around the 3 coordinates. To demonstrate these six load components, the following dimensionless 
coefficients are applied: 
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The propeller efficiency is defined as follows: 
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where Ti (Tx, Ty, Tz) and Qi (QX, QY, QZ) are force and moment loads on the propeller in the coordinate 
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axis x, y, z; n is the propeller revolution, D is propeller diameter. 
The lateral force and moment induced by propeller in this case study are the force in OY direction 

and moment around 0Y. 
 
3. Numerical Simulation of Lateral Force Induced by Propeller Working in the Oblique Flow 
3.1 Propeller Model 
 

In this paper, PPTC propeller was employed as a simulation propeller model. The main 
characteristics and geometry of the PPTC propeller is depicted in Figure 2 and Table 1 [20,21]. 
 

 
Fig. 2. PPTC propeller 

 
Table 1 
The main characteristics of PPTC propeller 
Parameter Symbol Unit Value 

Diameter of Propeller D [m] 0.250 
Pitch ratio at 0.75D P0.75/D [-] 1.635 
Expanded area ratio AE/A0 [-] 0.779 
Number of blades Z [-] 5 
Revolution n [rps] 15.0 

 
3.2 Case Studies 
 

To evaluate the lateral force generated by propeller in oblique flow, this research conducted the 
simulation for four values of oblique angles: 00, 40, 80, and 120 corresponding to 04 variations of 
advance ratio J=0.8, 1.0, 1.2 and 1.4. 
 
3.3 Simulation Setup 
 

In general, the setup for the CFD computational simulation includes: Defining the computational 
domain, selecting the boundary conditions, choosing mesh type and generating mesh, selecting 
physical model and setting up the initial values [17]. To simulate the calculation of the lateral force 
generated by propeller in oblique flow, due to incoming flow to propeller blades is vary in time, so 
computational domain should be divided into two zones. One is the cylinder zone surrounding the 
propeller which is used to simulate the propeller rotation, and the second zone is the rectangular 
surrounding the whole modelled system which is used to simulate the state of open water. Two zones 
are connected with each other by interface and sliding mesh technique was used to simulate rotation 
of propeller. The size of the computational domain and the type of boundary condition are selected 
as depicted in Figure 3. Both zones of the computational domain is discretized by using unstructured 
trimmed mesh. The mesh was refined in the regions near the propeller, especially at the parts such 
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as leading edge, trailing edge of the propeller, where have large curvature change. A denser mesh 
distribution is implemented along the trajectory of the propeller slipstream's development. Based on 
taking into account the features of the flow field, the longitudinal orientation of the computational 
domain and the refinement block is positioned at a specific inclining angle relative to the inflow 
direction. This ensures that the mesh refinement aligns effectively with the characteristics of the 
propeller slipstream. Furthermore, for enhanced simulation of the boundary layer, the prism layer 
was used. Eight layers of prism layer are applied to the surfaces of both blades and the hub. The 
thickness of the first prism layer is 0.002 mm to keep the non-dimensional normal distance y+ below 
5 [17]. 
 

 
Fig. 3. Computation domain and boundary conditions 

 
The result of mesh generation is presented in Figure 4. The physical model applied in this 

computation simulation is RANSE method. The turbulence model employed in this paper is SST K-ω 
model as this model is proved to provide a reliable result and save consuming time in comparison 
with other turbulence models [8]. 
 

  
Fig. 4. Mesh generated at oblique angle β=120 

 
4. Simulation Results 
4.1 Mesh Convergence Study 
 

A mesh convergence study is conducted to make sure that mesh sizes are sufficient to obtain 
accurate numerical results. Hence, selecting an appropriate mesh size is of utmost importance for 
CFD calculations. In this research, the mesh independent verification is performed at advance ratio J 
= 1.2 and at β=00 and 120. The mesh verification results are presented in Table 2. It can be seen in 
Table 2 that the monotonic convergence was observed for both case studies. Besides, the deviations 
between CFD results and measured data (EFD) of the thrust (KTx) and torque (KQx) coefficients 
computed for both case studies (β=00 and 120) were very small, especially for the fine mesh, the 
deviations in KT for both case studies are only 1.36% and 1.98%, respectively, and in KQx – are 0.90% 
and 3.10%, respectively. Hence, the fine mesh was applied in further studies. 
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Table 2 
Mesh convergence study at J=1.2 and at β=00 and 120 
Parameters EFD (D) 

[20,21] 
Mesh solution ε32 % ε21 % RG 

Coarse Medium Fine 

Straight flow (β = 00) 

KTx [-] Value 0.295 0.304 0.301 0.299 1.0 0.7 0.67 
E%D / 3.05 2.03 1.36 / / / 

10KQx [-] Value 0.776 0.789 0.785 0.783 0.510 0.003 0.01 
E%D / 1.68 1.16 0.90 / / / 

Oblique flow (β = 120) 

KTx x10-3 [-] Value 0.303 0.314 0.311 0.309 0.965 0.647 0.671 
E%D / 3.63 2.64 1.98  /  /  / 

10KQ x10-3 [-] Value 0.838 0.871 0.867 0.864 0.461 0.347 0.753 
E%D / 3.94 3.46 3.10  / /   / 

 
4.2 Numerical Results of Lateral Force of a Propeller in Oblique Flow 
 

The numerical simulation results of lateral force and moment coefficients generated by propeller 
working in various oblique flow angles are presented in Table 3 and Figure 5. 
 

  
(a) (b) 

Fig. 5. Lateral hydrodynamic force and moment induced by propeller working in different inflow angles 
versus J (a) Lateral force and (b) Lateral moment coefficient of propeller 

 
Table 3 
Numerical results of lateral force and moment coefficients generated by propeller working in various 
oblique flow angles 

J Straight flow β=00 Oblique flow β=40 Oblique flow β=80 Oblique flow β=120 

KTy 10KQy KTy 10KQy KTy 10KQy KTy 10KQy 

0.8 0.0001 0.0007 -0.0063 0.0550 -0.0128 0.1095 -0.0185 0.1625 
1.0 0.0002 0.0008 -0.0091 0.0625 -0.0177 0.1150 -0.0267 0.1781 
1.2 0.0001 0.0009 -0.0121 0.0639 -0.0223 0.1210 -0.0329 0.1830 
1.4 0.0002 0.0008 -0.0147 0.0602 -0.0280 0.1222 -0.0390 0.1820 

 
 
 

Regarding to the numerically obtained results provided in Table 3 and Figure 5, it can be 
concluded that: 
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i. At an advance ratio J, the lateral force (KTy) and moment coefficients (KQy) are increased as 
increasing oblique flow angle and vice versa. 

ii. At a constant oblique flow angle (β=constant), an increase of advance ratio (J) lead to an 
increase of the lateral thrust coefficient (KTy) and vice versa, however, lateral moment 
coefficient (KQy) witnessed a slightly change. 

 
As mentioned in section 2, when the propeller working in the oblique flow the hydrodynamic 

forces acted on each propeller blades will be changed over time depending on the relative position 
of propeller blade as well as the attack angle to the propeller blade. Figure 6 depicts the fluctuation 
and the variation over time of lateral force on each propeller blades. As can be seen in Figure 6, the 
lateral force induced by propeller changes periodically and its period is the rotational period of the 
propeller. Moreover, Figure 7 provides the distinct in phase and amplitude of lateral forces induced 
by one blade in various oblique flow angles of the propeller. The amplitude of lateral forces on each 
blade monotonically increases when oblique flow angles increase. At β=00, the amplitude of lateral 
forces ranges from -50.6N to 50.5N, at β=40 it ranges from -54.35N to 48.58N, at β=80 it ranges from 
-58.2N to 47.65N and at β=120 it ranges from -63.47 to 48.24N. This can be explained by the 
differences in pressure distribution on each blade surfaces (referred Figure 9). 
 

  
(a) (b) 

  
(c) (d) 

Fig. 6. The change of lateral force on each propeller blade over time in various oblique angles at J=1.0; 
Oblique beta = (a) 00, (b) 40, (c) 80, (d) 120 
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Fig. 7. The change of amplitude and phase of lateral force on blade 2 in 
various oblique angles at J=1.0 

 
4.3 Effect of Oblique Flow on Flow Around the Propeller 
4.3.1 Axial velocity field 
 

Figure 8 shows the axial velocity pattern on Y=0 plane at J=1.4 in various oblique angles. It is clear 
in Figure 8 that, for straight flow (β=00), the axial velocity pattern is almost axisymmetric, for inclined 
flow conditions, the axial velocity pattern is asymmetric and the level of its asymmetric increases 
when increasing inclining angle. Asymmetric in axial velocity pattern is biggest at β=120. 
 

 
Fig. 8. Axial velocity pattern at J=1.4 in various oblique angles 

 
4.3.2 Pressure distribution 
 

The pressure distribution on suction and pressure sides of the propeller blades under straight and 
oblique inflow conditions is presented in Figure 9. It can be seen in Figure 9 that, the pressure 
distribution on the propeller blades change in the circumferential position and its level changes are 
different inclined flow conditions. The pressure distribution on the propeller blades change in the 
circumferential position are smallest and biggest at β=00 and β=120, respectively. On the other hand, 
it can be seen in Figure 9 that, the propeller blades experience a load in the first and second quadrants 
of the propeller disk (i.e., 0°<θ<180°), referred to as the "downwind zone," where the tangential 
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velocity of the blades aligns with the lateral inflow. Conversely, in the third and fourth quadrants (i.e., 
180°<θ<360°), known as the "upwind zone," the blades encounter a significantly higher load as the 
tangential velocity opposes the lateral inflow. The resulting changes in the pressure distribution on 
the propeller blades at different oblique angles provide some explanation for changes lateral force 
generated by propeller. 
 

  

  

 
Fig. 9. Pressure distribution on suction and pressure sides of the propeller blades at J=1.4 in various 
oblique angles 

 
4.3.3 Skin friction coefficient 
 

The skin friction coefficient distribution on suction and pressure sides of the propeller blades 
under straight and oblique inflow conditions is showed in Figure 10. It can be observed in Figure 10 
the tendency and level changes of the skin friction coefficient distribution on propeller blades under 
different inclined flow conditions are the same as pressure distribution. 
 

  

 
 

 
Fig. 10. Skin friction coefficient distribution on suction and pressure sides of the propeller blades at J=1.4 in 
various oblique angles 
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4.3.4 Vortices in the wake of the propeller 
 

Vortices in the wake of the propeller is a physical phenomenon of great interest to be 
investigated, it is recognized to have significantly effect on propeller characteristics. Figure 11 shows 
the vortices in the wake of the propeller at J=1.4 in various oblique angles. For the case straight inflow 
conditions (β=00), the propeller slipstream is identified by noticeable tip and hub vortices, and both 
of them is circumferentially uniform through the axial axis. For the cases with inclined flow 
conditions, the tip and hub vortices are dynamic change with the circumferential position. The vortex 
system intensifies at circumferential positions between 180° and 360°, indicating a potential for 
further development. Conversely, it disperses noticeably between 0° and 180°. As the incidence angle 
increases, the trajectory of the shedding vortices shifts towards the direction of the lateral inflow. 
 

  

  

 
Fig. 11. Vortices in the wake of the propeller at J=1.4 in various oblique angles 

 
5. Conclusions 
 

In this research, CFD method is used to prediction of lateral force generated by propeller 
operating under oblique inflow conditions. The PPTC propeller at model-scale was selected as the 
subject study. The simulation is carried out for the propeller working in a wide range of advance ratio 
and inclining angles. The numerical obtained results have been verified and validated with measured 
data at a straight inflow (β=00) and inflow angle (β=120) conditions. From the case studies, the 
following conclusions can be made as follows: 

i. Lateral force and moment are generated by propeller at non-zero inflow angles. Increasing 
the oblique flow angle led to increase the lateral force (KTy) and moment coefficients (KQy). 
The impact of oblique flow on lateral thrust coefficient is more remarkable at high advance 
coefficients, while on lateral moment coefficient is unpronounced. 

ii. The hydrodynamic forces acted on each propeller blades will be changed over time depending 
on the relative position of propeller blade as well as the attack angle to the propeller blade. 
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